By contrast, adjacent cells often communicate with each other via junctional complexes, such as gap junctions and synaptic junctions [2] . The gap junctions are narrow channels directly connecting the cytoplasm of neighboring cells, which allow inorganic ions and small water-soluble molecules to pass from the cytoplasm of one cell to another, thereby coupling the cells both electrically and metabolically. Neurological and immunological synapses also transmit cell-cell signals through the extracellular space, relying on mechanisms of ligand-receptor signaling across the closely apposed cell-cell junctions [3] .
In addition to these well-established examples, tunneling nanotubes (TNTs), sometimes referred to as membrane nanotubes, and related structures are newly-emerged distinctive mechanisms for cell-cell communication in a wide variety of cell types. These structures can directly connect cells even over relatively long distances [4] [5] . While accumulating evidence from recent studies indicates their importance for a variety of cellular functions, we still have a limited molecular understanding of TNTs regarding their structures and biogenesis. TNTs have become a very active research area, however, and new evidence on molecular components and formation mechanisms has been forthcoming. Here we summarize current findings on molecular aspects of TNTs and related structures.
What are TNTs?
TNTs can be recognized as thin membranous structures connecting two or more cells and, importantly, these structures are not attached to the substratum (Figure 1 A to F) [6] [7] . A different sort of cytoplasmic connection is observed after cell division as a structure containing the midbody; it persists temporarily as a tether between the two 8 daughter cells, contains dense matrix material, and is visible by light microscopy. By contrast, TNTs do not contain the midbody. Gerdes and colleagues first described TNTs as a structure that provides plasma membrane continuity between connected cells and facilitates the selective transfer of membrane vesicles and organelles to neighboring cells [7] . They discovered these structures in rat pheochromocytoma PC12 cells and rat kidney NRK cells, but subsequent studies have identified TNTs or similar structures in various types of cells, including T24 urothelial cells, Jurkat T cells, THP-1 human monocytes and human primary natural killer (NK) cells (Table 1) .
The detailed morphological and structural characteristics of TNTs are substantially different among cell types [4] . TNTs of PC12 cells are 50 -200 nm in diameter, and they can be up to several cell diameters [7] . In the case of immune cells such as macrophages, Epstein Barr Virus-transformed B cells and human peripheral blood NK cells, the average length of TNTs reaches 30 µm with some measuring over 140 µm [8] . TNTs contain an F-actin backbone and lack microtubules in most cell types [4] [7] ; however, some exceptions do exist [4] . For example, NK cells have TNTs containing microtubules [9] . Macrophages have two type of TNTs, and the thicker ones 9 (>0.7 µm in diameter) contains both F-actin and microtubule backbones [10] . This heterogeneity probably represents cell-specialized functions and features of TNTs as described below. More recent studies have also shown that the termini of some TNTs and associated structures are not continuous with the plasma membrane of connected cells but instead have junctions [9] [11] [12] [13] [14] , as we will also describe later.
Proposed functions of TNTs

Transmission of intercellular signaling via TNTs
Calcium flux is the best-characterized signal transmitted between remote cells via TNTs.
Upon mechanical or chemical stimulation, myeloid-linage dendritic cells (DCs) and monocytes propagate their calcium signals within seconds to other cells connected by TNTs ( Figure 1G ) [12] . TNT-medicated intercellular transmission of calcium signals induced morphological changes such as lamelipodia extension in recipient DCs, one of the earliest responses seen in phagocytes following stimulation [12] . This observation demonstrates that the cell-cell interaction via TNTs facilitates transduction of signals between remote cells (Table 1) .
Watkins and Salter [12] performed a rigorous examination to exclude the possibility that the propagation of calcium flux between DCs is dependent on ATP released from these cells following mechanical stimulation as described previously [15] . TNTs between THP-1 myeloid cells, whereas the larger cytoplasmic molecule dextran could not [12] . Thus, there must be some junctions and/or gating mechanisms for TNT-based transport of intercellular material, which may imply the association of a gap-junction that can pass low molecular weight molecules but not macromolecules. 
Organelle transfer via TNTs
A striking function of TNTs is that they can transfer membrane-bound components such as organelles. Gerdes and colleagues first reported organelle transfer via TNTs both in PC12 and NRK cells [7] . Subsequent studies have shown that the TNT-mediated organelle transfer is common in a variety of cell types (Table 1 ) [4] .
The organelle transfer in PC12 and NRK cells is unidirectional and dependent on actin filaments [7] , and is inhibited by ATP depletion and the general myosin inhibitor 2,3-butanedione monoxime [17] . In addition, the actin-based molecular motor, myosin-Va, co-localizes with organelles inside the TNTs of PC12 and rat primary 13 astrocytes cells [7] [18], suggesting that this motor protein is an interesting potential candidate to mediate movement of organelles along TNT. On the other hand, thicker
TNTs in macrophages, whose diameter is over 0.7 µm, transfer organelles by bidirectional movement, indicating the association of microtubule-dependent motor proteins [10] . [13] . This is consistent with electron microscopic analysis that showed junctional structures in TNT between T cells [13] . It is still unclear how HIV-1 overrides this junction and transfers to the bystander cells. Transfer of HIV-1 via TNTs is dependent on the existence of the CD4 virus receptor on recipient cells, whereas formation of T cell TNTs is independent from the interaction between envelop protein and CD4 [13] . Thus, one possibility is that, like NK-cell TNTs, HIV-infected T cells might have a similar structure with virological synapses at the ends of the TNTs.
The frequency of TNT formation by T cells is not affected by HIV-1 infection [13] . On the other hand, TNTs are induced in macrophages infected with HIV-1 [19] [20], and HIV-1 negative factor (Nef) protein is thought to be responsible for this induction [20] . The Nef protein can block the generation of effective neutralizing antibodies against HIV-1 by antibody-producing plasma cell progeny of B cells in AIDS patients [21] . However, it had been unclear how Nef is transferred to B cells, which are not themselves infected by HIV. Cerutti and colleagues reported that ectopic expression of Nef alone in monocyte THP-1 cells induced TNT-like conduits bridging THP-1 cells with each other and also with B cells, and that Nef protein was transferred to B cells via the conduits [20] . The Nef protein is myristoylated at its N-terminus and is recruited to the plasma membrane. This anchoring of Nef to the plasma membrane and probably subsequent actin remodeling by Nef are essential to stimulate formation of TNT-like conduit in macrophages [20] . In addition, these investigators showed that the invasion 
TNT-like structures that mediate cell-cell communication
There are other structures similar to, but somewhat different from, TNTs in their functions and molecular components.
Cytonemes and viral cytonemes (filopodial bridges)
Cytonemes are actin-rich filopodia-like structures extending up to 100 µm connecting anterior and posterior compartments of the imaginal disc in fruit flies [23] . Klein and colleagues reported long tubulovesicular extensions (TVE) on human neutrophils, also structures similar to cytonemes. Interestingly, they showed that human neutrophils demonstrate long-range extracellular catching and holding of bacteria by the TVE [25] .
EP bridges
More recently, a novel form of tubular cellular bridge was discovered, termed the epithelial (EP) bridge. In contrast to the numerous cell types in which TNTs interconnect, EP bridges have only been found in primary cultures of human bronchial epithelial cells and A549 human alveolar basal carcinoma cells [26] . There are two types of EP bridges; similarly to TNTs, the type I EP bridge facilitates cellular material transport between remote cells, whereas the type II EP bridge is involved in cell migration [26] . Compared to TNTs, the diameters of EP bridges are greater, ranging from 1 to 20 µm, and EP bridges can extend from 25 µm to over a millimeter in length [26] . An interesting characteristic common to TNTs and EP bridges is that these structures make no contact with the underlying substratum, hovering freely above it.
Strikingly, EP bridges contain both F-actin and microtubules, and are structurally stable for longer periods of time, remaining intact for up to 2 days as opposed to the transient, i.e. minutes to several hours, integrity of most TNTs.
Molecular requirements for TNT formation
Cell adhesion molecules and receptor-ligand interaction
At least two distinct pathways in TNT formation have been reported [4] . One is de novo protrusion from a given cell, ultimately making contact with a neighboring cell, which results in TNT formation, as seen in PC12 cells and T24 cells [7] [14] . In the other pathway, cells first come into contact and then draw out TNTs as they subsequently move apart, which is observed in many types of immune cells [6] [28] . Moreover depletion of choresterol from plasma membrane by treatments of methyl-ocyclodextrin led to significant reduction of the density of TNT in T24 cell surface [28] . Their study suggests the role of cholesterol-sphingomyelin membrane nanodomains in the stability of TNTs.
M-Sec, a clue for understanding the molecular mechanisms of TNT formation
The identity of molecules involved in the membrane protrusion of TNTs had until recently not been elucidated. Our recent study has revealed that M-Sec is a central factor for membrane protrusion during TNT formation [29] . M-Sec was first identified as tumor necrosis factor alpha-induced protein 2 (TNFaip2, also called B94), but its function has long been unknown [30] . M-Sec induces membrane protrusions extending out from the plasma membrane, some of which tether onto adjacent cells to form TNT-like structures (Figures 2A) [29] . Figure 2C ) [29] . In addition, Cdc42 also seems to be required for TNT elongation, since short protrusions of membrane tubules accumulate without further elongation in the presence of dominant negative Cdc42 [29] .
Involvement of actin remodeling in M-Sec-mediated TNT formation is consistent with a previous observation that TNTs are associated with F-actin. Indeed, M-Sec-induced
TNTs are associated with F-actin.
Steady-state expression of M-Sec is essentially restricted to myelomonocytic lineage cells and some epithelial organs in normal tissues [30] . Intriguingly, human T-cell leukemia virus type 1 is known to induce M-Sec expression in T cells [33] . 
